A computer program has been developed that simulates the behavior of spermatogonial stem cells (SSCs) and their offspring inside and outside of the stem cell niche. Various parameters derived from previous morphological and cell kinetic studies have been used to set up an Excel-based computer program that simulates the proliferative activity of SSCs during the seminiferous epithelial cycle. SSCs and their offspring are depicted in a virtual piece of seminiferous tubule in which the daughter cells of self-renewing divisions of SSCs migrate away from each other, while after SSC differentiation a pair of cells is formed. Those SSC daughter cells that migrate out of the niche will very likely differentiate at their next division. Putting in physiologically acceptable parameters, the program renders numbers of spermatogonial cell types similar to those previously counted in whole mounts of seminiferous tubules. In this model, SSC numbers and numbers of differentiating cells remain constant for more than 50 virtual epithelial cycles, i.e., more than 1 yr of a mouse life and 2 yr of that of a Chinese hamster. The program can simulate various recent cell kinetic experiments and confirms, or offers alternative explanations for, the results obtained, showing its usefulness in spermatogenesis research.
INTRODUCTION
All renewing tissues in the body contain stem cells that are able to maintain themselves by self-renewing divisions as well as produce differentiating cells that carry out the function of the tissue. Stem cells reside in specific locations that are called stem cell niches [1, 2] . In these niches, the cells that surround the stem cells produce factors that promote the self-renewal of the stem cells to secure their maintenance. Relative to other tissues, in spermatogenesis quite some knowledge has been gathered about the identity of the stem cells, the cell kinetic properties of spermatogonial cell types (including stem cells), and the factors that regulate stem cell behavior. In addition, some characteristics of the stem cell niche have been published.
In rodents and the ram, the spermatogonial stem cells (SSCs) have been proposed to be single spermatogonia, the socalled A single (A s ) spermatogonia [3] [4] [5] [6] . After division of these cells, the daughter cells can either migrate away from each other and become two new stem cells, or they can stay together connected by an intercellular bridge and form so-called A paired (A pr ) spermatogonia. In the normal epithelium, these A pr spermatogonia have set the first step on the differentiation pathway to ultimately becoming spermatozoa. The pairs divide further into chains of 4, 8, and often 16 A aligned (A al ) spermatogonia. In stages VII/VIII of the cycle of the seminiferous epithelium, the A al spermatogonia differentiate into A 1 spermatogonia that after six divisions produce spermatocytes in mouse and rat via A 2 , A 3 , A 4 , In, and B spermatogonia. Recently, adjustments to this scheme have been proposed that will be addressed below [7] [8] [9] .
Spermatogonia, including stem cells, in mammals are situated on the basal lamina of the seminiferous tubules on which they are sequestered by the Sertoli cell barrier, which does not allow them to move to a position closer to the tubule lumen [10] . Therefore, any possible SSC niche will be a twodimensional, one-cell-layer-thick tubule area. The existence of a niche was first proposed by Chiarini-Garcia et al. [11, 12] for mouse and rat. Their data indicate that in tubule cross sections, A s-pr-al spermatogonia are most frequently localized in areas of the tubule basal membrane bordering on patches of interstitial tissue. This notion has been beautifully confirmed and expanded by Yoshida et al. [13] , who show that A s-pr-al spermatogonia, marked by green fluorescent protein (GFP) or LacZ, are preferentially localized near venules and arterioles located in the interstitial area, especially in areas where these blood vessels branch. Importantly, morphologically recognizable individual Sertoli cells, peritubular cells, or specific combinations of these cells that could form the niche regions have never been described for the mammalian testis.
Clearly, A s-pr-al spermatogonia are preferentially located in specific regions of the tubule basal lamina. The question then arises as to whether these regions are equivalent to the SSC niche. As discussed elsewhere, this may not be the case [9] . During steady state kinetics, in the A s-pr-al spermatogonia-rich region the numbers of clones of single, paired, and chained cells have to remain constant. This can only happen when the number of SSCs carrying out self-renewing divisions is similar to the number of differentiating divisions of these cells. However, the virtue of a stem cell niche is that it provides the stem cell population with a safe haven that protects them from differentiation by promoting self-renewal. In the niche, the stem cells should have a better than 50% chance of self-renewal. Therefore, the SSC niche can only be part of the A s-pr-al spermatogonia-rich region.
In view of these considerations, we assume that the SSC niche consists of a subregion of the the A s-pr-al spermatogoniarich region. The important question then is: how can such a niche be capable of maintaining SSC numbers while at the same time producing A pr and A al spermatogonia? Making use of the many cell kinetic data that have been gathered on SSCs and spermatogonial behavior in mice, and especially Chinese hamsters (reviews [9, 14, 15] ), we now have constructed a computer model of spermatogonial multiplication and stem cell renewal. In this model, a part of the basal lamina is considered to be the virtual SSC (vSSC) niche in which the chance of selfrenewal is high, while outside of this area, chances of differentiating divisions, i.e., A pr formation, are high. We have used this model to get insight into the regulatory mechanisms that will be needed to achieve a steady state in which stem renewal and production of differentiating cells are balanced. Using a set of parameters and principles compatible with in vivo cell kinetic data, we now have developed a computer model that simulates epithelial cycles and renders A s-pr-al spermatogonial numbers similar to those previously counted in the Chinese hamster [6] . In addition, the model can simulate several recently published cell kinetic experiments and in some occasions offers alternative explanations for the results obtained.
MATERIALS AND METHODS

Software System
The StemNichePro program was developed by and obtained from Felisiat 
1) Parameters:
The place where the parameters are defined and set. 2) Div000: this contains the start situation. The main part is a depiction of a tubule, where every spreadsheet cell is considered to have square dimensions of 10 by 10 lm. In addition to this graphical representation of a tubule, there is a table in which the tubule and the cells contained in it are described mathematically. For the computer, the table is the model, while for the user the graphical representation illustrates the calculated situation. 3) P sheet: On this sheet the graphical representation of the tubule is repeated, but in every spreadsheet cell the chance of self-renewal (P sr ) is given. 4) Result sheets: summary of results on specific points in the run can be given. 5) D sheets: These sheets are used during a run to depict the density around the clone that is dividing or migrating. 6) Module sheets: In the course of the development of the program, separate modules were developed to gain more insight into specific processes.
For the first division in a run, the Div000 sheet is copied, and 000 is replaced by 001. During subsequent divisions, the sheet is likewise copied with the result of the previous division, and in the name of the worksheet the number of division is adjusted.
Using MS Excel as the development platform had the following advantages:
1) The Graphical User Interface (GUI) of Excel made development of a special GUI unnecessary. 2) As MS Excel is widely used, the interface on the sheet Parameters is intuitive and readily usable.
3) The graphical interface giving a visual representation of each division was highly advantageous in interpreting the results. 4) Adjusting the program to accept other parameters or other insights can readily be done. Guided by the results obtained, further improvements can easily be incorporated.
Setup of a Virtual Seminiferous Tubule
In previous studies on whole mounts of Chinese hamster seminiferous tubules, the tubule circumference was found to be about 800 lm. Therefore, in the virtual piece of tubule in our model, the width was taken to be 800 lm, which can be considered as a seminiferous tubule opened up along its longitudinal axis. The length was taken to be 1700 lm. Taking into account the density of the Sertoli cells in a real Chinese hamster tubule whole mount, such an area would contain about 4000 Sertoli cells [6] .
In reality, a seminiferous tubule is very long and round. Therefore, a tubule cannot be depicted by a two-dimensional rectangular sheet. To compensate for this, the program is modeled in such a way that the tubule is considered to be round. Cells that seem to migrate out of the virtual piece of tubule at one side reenter it at the opposite side. Also, for each cell that moves (lengthwise) out of the modeled area, a similar cell moves into the modeled area at the other side.
Number of Divisions of A s-pr-al Spermatogonia During the Epithelial Cycle
From cell counts in the Chinese hamster, ram, and mouse it has been calculated that A s-pr-al spermatogonia divide two to three times per epithelial cycle [6, 16] . Also, 3 H-thymidine labeling studies in the Chinese hamster suggest that two to three divisions take place per epithelial cycle [17] . Therefore, in program runs mimicking the normal proliferative activity of A s-pr-al spermatogonia, we assumed that three rounds of division would take place. Although the program allowed us to set the percentage of dividing clones of each size during each round of division, in our runs we assumed that during the first two rounds all cells divide, and during the third round only a particular percentage of clones. After the third round of divisions, the virtual epithelial cycle is completed, and most of the A al spermatogonia are removed from the virtual tubule and no longer play a role during the next cycle of three divisions. This event can be compared to what happens in stages VII/VIII when A al spermatogonia differentiate into A 1 spermatogonia. In the model, this event is called ''harvest.'' Cell counts in the Chinese hamster indicate that all chains of eight and 16 A al spermatogonia become A 1 and about half of the A al4 do [6] . These percentages of differentiation have been included in the program, which means that after every third round of division, all clones of eight or 16 cells and half of the number of clones of four cells will be harvested.
Model
Probability of self-renewal/differentiation. In the program, the virtual tubule is composed of squares of 10 by 10 lm that are set to have a particular chance of self-renewal/differentiation. For example, the chance of self-renewal can be set at 90% in particular areas within the niche and only 10% outside of the virtual niche. The chance of self-renewal versus differentiation of each virtual SSC is determined by the square they occupy, and thus their position in relation to the niche. Each clone of virtual A pr and A al spermatogonia also occupies one square. These clones are taken into account in the determination of cell density, thereby influencing the chance that SSCs leave the niche after a division and consequently also influence the ratio between self-renewal and differentiation.
Divisions. The program records in a table all details of the clones present in the virtual tubule. In the program, the cells/clones are considered in the order in which they are described in the table. At the initialization of a program run, the order of the clones in the table is randomized with regard to their localization in the tubule. In this way, there will be no waves of divisions in the tubule, but divisions will occur at random, as is the case for A s-pr-al spermatogonial clones in vivo [18] .
Regarding a division, the following questions must be answered:
1. May the clone divide?
For each clonal size (A s ¼ 1, A pr ¼ 2, A al4 , A al8 , and A al16 ), there are two parameters that determine permission to divide: as described above, all cells divide during the first two rounds of division, and an adjustable percentage of the cells, between 0% and 100%, divide during the third round of division.
2. What is the effect of A s-pr-al spermatogonial density on vSSC division?
Looking at maps of the localization of A s-pr-al spermatogonial clones on the tubule basal membrane, it can be observed that there is a rather even distribution of the clones [19] . This means that after a self-renewing division of an SSC, the daughter cells preferably migrate to an area where the A s-pr-al spermatogonial density is low. Then the question arises as to what an SSC will do when its daughter cells cannot move to a low-density area, i.e., when the density is already high. There are two possibilities: either the cells are inhibited to divide or they divide anyway, forming false pairs, i. to be established whether the influence of the clone on a nearby stem cell is constant over the whole distance between the clone and the SSC, or whether it diminishes linearly or even quadratically with distance. We did not take into account clonal size in determining cell density. In the virtual tubule, clones are represented by one square only, and this square was set to represent the center of the clone. Hence, clones were given the same density characteristics regardless of their size.
For each stem cell that is about to divide, influences are calculated for all clones situated within a distance of twice the distance that a stem cell can move upon division. Per square, the influences are summed in order to arrive at a total value that represents the local density at that spot.
When a given stem cell is about to divide, it is determined for each clone in its neighborhood whether it is situated near the dividing stem cell. The density generated by this clone is 1 at the place where it is situated, and 0 at the distance where this clone cannot be perceived by the stem cell about to divide. For all distances in between, as can be set apart as squares on the model, a number is calculated (Boolean yes/no, linearly, or quadratically) between 1 and 0 that is to represent the influence of that clone on that spot. Per square, the influences from all clones are summed. In this way a contour map of densities is made. The dimensions of the numbers that are thus derived can be said to be clones per square, but the numbers can add up to more than 1. A parameter has been added that allows a maximal density to be set: when the daughter cells of an SSC can both migrate to a spot with a density lower than determined by this parameter, the cell may divide. Another parameter determines whether there must be one such spot or two.
At the moment of division, it is determined whether one or two (as set as parameter) spots are available, with an acceptable density, that indeed can be reached by the migrating daughter cells. If so, the SSC divides, and the daughter cells move minimally away from the spot where the original SSC was situated. At this stage, the sister cells in the model do not yet influence each other. This step mimics the phases in the cell cycle from the moment the biological decision to divide is made at the end of the G1 phase of the cell cycle through completion of mitosis (M) to the beginning of the next G1.
How do the clones move upon division?
In the program, for each clonal size a parameter can be put in that determines the distance the clone can move upon division. In the presented runs, it was assumed that A pr and A al clones do not move anymore. For stem cells, a maximal distance can be set over which the daughter cells can migrate after a self-renewing division. The path that daughter cells follow need not be linear. The distance set is the travel distance, not the linear distance.
In the model, all cells are inspected to determine whether the SSC will divide (cell cycle phases S through M). In this phase of the calculations, the daughter cells remain close together. When all SSCs have divided, once again all SSCs are considered randomly, and their migratory paths to their final destinations are calculated. In this phase, sister cells do exert influence on each other, and repel each other just as other nonrelated SSCs do.
It may be that the empty spots that seemed available upon division will not be available anymore when all SSCs have divided. This mimics what may happen in a tubule in vivo, where the situation that a stem cell encounters at the beginning of mitosis may differ from the situation at the end of G1, when the division was initiated.
Cells migrate by choosing the adjacent square with the lowest density. Each step represents a distance traveled of 10 lm. If the cell has more than 30 lm left to move, the cell moves to a square located about 30 lm away: either three squares horizontally or vertically, or two squares diagonally.
What happens at harvest?
Regarding harvest, another set of parameters has to be set: a. What percentage of clones in each size category gets harvested? b. What is the movement of the remaining SSCs after harvest? This possibility was added because in stages VII-IX there is an extensive movement of A1 spermatogonia [13] , suggesting that during this part of the epithelial cycle, spermatogonia have the possibility to migrate also when they are part of a clone of multiple cells. Patterns similar to those described above determine which clones move extra in the period after the third division. In the testis, this period is longer than a regular cell cycle.
Technical parameters and possibilities. Besides modeling runs, other actions have to be performed by the computer model. First, a virtual tubule of a specific size has to be constructed. Second, the niche region has to be indicated in the tubule, i.e., parts of the tubule where the chance of self-renewal of the vSSCs is high. P values, for the chance of self-renewal of the stem cells, have to be entered for each square of 100 lm 2 in the virtual tubule. Third, virtual SSCs have to be seeded in the virtual tubule.
The distance of migration of daughter cells of a self-renewing division of an SSC. According to the scheme of spermatogonial multiplication and selfrenewal [4, 5] , the A s spermatogonia are the stem cells of spermatogenesis. This model implies that after a self-renewing division the stem daughter cells have to migrate away from each other, or else there will soon be no A s spermatogonia left. In the program, a maximum migration distance for the SSC after a selfrenewing division can be entered. Previously, we made maps of the topographical arrangement of A s-pr-al spermatogonia on the basal membrane of Chinese hamster seminiferous tubules [19] . In these maps, the distance between individual SSCs is roughly between 100 and 200 lm. Therefore, in our model, we usually install a migration distance for each of the daughter cells of 60 to 80 lm, which will lead to maximal inter-SSC distances of 120 to 160 lm.
Migration of daughter cells of SSCs. A s daughter cells keep a certain distance from A s-pr-al spermatogonia present in the neighborhood, whereas their movement is restricted to the maximum migratory distance entered in the program. We included a minimum distance to other clones because in the normal epithelium we did not often see collisions of clones, for example A s very close to pairs and chains. The program provides the possibility to choose whether stem cells divide when they are so close to other clones that their daughter cells would not be able to get to a position further away than the minimum interclonal distance set.
Program runs. When all variables have been set at the desired value, the program can carry out any number of divisions. Most of the time we studied 150 divisions, and as there are three rounds of divisions during a virtual epithelial cycle, this is equivalent to 50 epithelial cycles. At each round of divisions, the program tries to let the daughter cells of a self-renewing division migrate to the lowest density, regardless of the direction, taking into account the migratory distance parameters installed and the minimum distance the daughter cells have to observe towards other A s-pr-al spermatogonia. Other stem cells may carry out a differentiating division and form a pair. Subsequently, these pairs and the chains of four and eight cells will just double in size at each division. Chains of 32 A al spermatogonia have not been seen in the Chinese hamster, and, therefore, chains of 16 are not supposed to proliferate anymore [6] .
RESULTS
Running the Program
A virtual seminiferous tubule was devised with a niche area, with an enhanced chance of self-renewal, schematically resembling the pattern of blood vessels as shown by Yoshida et al. [13] (Fig. 1) . The size of the niche roughly resembled the relative size of the blood vessels compared to the seminiferous tubule. A program run starts off with a virtual tubule in which the only germ cells present are single SSCs, manually seeded in the niche area. Subsequently, the virtual SSCs divide, and because at the start the SSCs are all in the niche, this is generally a self-renewing division. The single daughter cells migrate away from each other in a random direction but avoid other clones of A s-pr-al spermatogonia. Inevitably, some of the daughter cells migrate out of the niche and then generally differentiate at the next division, forming a pair. After a number of rounds of division, a steady state develops in which singles, pairs, and chains of varying lengths are present (Supplemental Movie S1, available online at www.biolreprod. org).
Subsequently, by executing many runs with different sets of parameters, we explored whether there was a set of parameters, compatible with the in vivo data, that enabled the model to SPERMATOGONIAL STEM CELL NICHE render both stem cell maintenance and a sustained production of A1 spermatogonia for a considerable number of epithelial cycles. Indeed, such an ''ideal'' set of parameters was found. In the ideal set, the minimal distance between A s-pr-al spermatogonial clones was set at 50 lm, the maximal distance A s daughter cells can travel was set at 80 lm, and the percentage of A s-pr-al spermatogonial clones dividing during the third round of division was set at 60%. To start with, it was assumed that stem cells will not carry out a self-renewing division, but stay quiescent when none of their daughter cells can move to a spot outside of the minimal distance from other A s-pr-al spermatogonial clones, i.e., a situation of high clonal density. When the program was run with these parameters, a constant number of A s spermatogonia was maintained, and A1 spermatogonia were produced for at least 50 epithelial cycles (Fig. 2, A and B) . Moreover, the numbers of A s and A pr spermatogonia and clones of 4, 8, and 16 A al spermatogonia at the end of each virtual epithelial cycle were similar to the numbers of these cells actually counted in the Chinese hamster (Table 1) .
How Does the Model Depend on the Values for Each of the Basic Parameters?
We then set out to evaluate the impact of each of the various parameters that were used to construct the ideal set of parameters.
Minimum distance between A s-pr-al spermatogonial clones. In order to study the effect of the set value for the minimum distance between the clones of A s-pr-al spermatogonia, the progam was run with the same set of parameters, except that for the minimal interclonal distance, values ranging between 40 and 80 lm were inserted. The results clearly show a very strong effect of minimal distance on stem cell maintenance and the production of A1 spermatogonia (Fig. 3A) . This was to be expected, as a smaller interclonal distance leads to a greater SSC density in the niche. When, in contrast, this distance gets larger, SSC daughter cells will more often migrate out of the niche to find a low-density spot. The effect was such that with minimal distances of 70 and 80 lm in most or all runs, respectively, SSCs became totally depleted. Clearly, the minimal distance is a very important factor in the viability of a SSC niche.
The size of the niche. The number of stem cells in the epithelium can be expected to depend on the size of the niche. Indeed, increasing the size of the niche by 40% (Fig. 3, C and  D) causes an increase in the numbers of SSCs and the production of A1 spermatogonia (Fig. 3E)) .
Combination of minimum interclonal distance and niche size. Hence, both interclonal distance and niche size are important factors in the determination of the viability of the niche. Therefore, we combined the findings on the effects of the interclonal distance and the size of the niche. As could be expected, the ''problem'' of too-high SSC numbers in larger niches could be solved by increasing the minimal distance from 50 to 60 lm (Fig. 3B) .
Maximum distance of migration of SSC daughter cells. While the minimal interclonal distance has an important effect on the efficiency of cell production in the niche, little effect was seen in changes in the maximal distance SSC daughter cells can migrate after their formation. Values from 40 to 120 lm rendered hardly different numbers of SSCs maintained and A1 spermatogonia produced (Fig. 3B) .
Situation in which the virtual SSCs always divide regardless of A s-pr-al clonal density. In the previous ''ideal'' set up, in which the option was inserted that A s spermatogonia also divide to self-renew when the local density is such that the daughter cells cannot move to an area outside of the minimal distance to other clones, much different results were obtained. The numbers of SSCs kept increasing with increasing numbers of divisions, and very large numbers of A s-pr-al spermatogonia were formed. In order to go back to a situation with stable spermatogonial cell numbers, resembling the in vivo data, a number of changes had to be made to the parameters underlying the model. A reasonable resemblance to the average in vivo cell numbers was found when the chance for selfrenewal of the SSCs in the middle of the niche was lowered FIG. 1. Virtual seminiferous tubule containing an SSC niche. In the niche area, the chance of self-renewal of the SSCs is more than 50%, as indicated by the color code. Outside of the niche, the chance of self-renewal is very low, and the stem cells will generally give rise to differentiating progeny. At the start of the program, SSCs (purple squares) are randomly seeded in the niche area. The size of the seminiferous tubule was taken to be 800 lm in width and 1700 lm in length. A tubule area like that would in a Chinese hamster contain about 4000 Sertoli cells.
DE ROOIJ AND VAN BEEK from 90% to 80%, the minimal interclonal distance was set at 60 lm, and the percentage of division during the third round was set at 30%.
However, the data obtained with this set of parameters were quite variable, as can be seen from the large variation in the outcome of various runs (Fig. 4, A and B) . Although average cell numbers were roughly comparable with those of the model in which a density regulation was supposed, the variation between cell numbers was very high and not comparable to that observed during in vivo cell counts ( Table 1 ).
The Chance of Individual SSCs for Long-Term Production of Progeny
After a self-renewing division of an SSC, there are three possibilities with respect to the fate of the daughter cells. First, daughter cells can migrate in such a way that both cells stay in the niche and likely self-renew at their next division. Second, one daughter cell may migrate out of the niche and produce a pair at the next division, and one may stay in the niche and go on to self-renew. Third, both daughter cells move out of the niche and differentiate at their next division. In the latter case, in a steady-state situation, an original SSC disappears and is replaced by an SSC derived from a division of an SSC of which both daughter cells remained in the niche.
So, we questioned what happens to the virtual SSCs present in a particular random, steady-state starting situation, called founder SSCs, with respect to the long-term presence of their progeny after increasing numbers of divisions. A program module was made that allowed us to trace back the origin of SSCs after a number of divisions to a predecessor, a specific number of divisions earlier (Fig. 5, A and B) . Intriguingly, the proportion of founder SSCs present at the start that still had progeny in the tubule steeply decreased with increasing numbers of divisions (Fig. 5, C and D) . At 33 divisions, equivalent to 11 epithelial cycles or 3 mo of time in the mouse, only six of the original 70 founder SSCs in the virtual tubule were still represented by progeny (Fig. 5C ). This decrease has two causes. First, at the start of the experiment already quite a few SSCs were outside of the niche, as these cells had moved out of it after the division of their mother cell. The environment outside of the niche induced their next division to be a differentiating one, leading to the disappearance of these founder SSCs. The second cause was incidental migration of both daughter cells of founder SSCs out of the niche area after a self-renewing division and subsequent differentiation. It is important to note that in the abovementioned steady state runs of the program, the total numbers of SSCs in the tubule remained similar with time, as did the numbers of A1 spermatogonia produced (Fig. 2) .
With further divisions, the number of founder SSCs still having progeny present in the tubule kept decreasing to about two after 100 divisions (Fig. 5D ). The conclusion then is that the SSCs present after increasing numbers of divisions derive The upper two sets of runs were carried out assuming the existence of a density regulation mechanism in the niche, and the bottom set was carried out assuming there is no density regulation. DE ROOIJ AND VAN BEEK from fewer and fewer founder SSCs present at the start of the run.
SPERMATOGONIAL STEM CELL NICHE
Effect of Cell Loss on Behavior of Founder SSCs and Virtual Colony Formation
We then wondered whether the model could predict the chain of events following loss of A s-pr-al spermatogonia, a situation that can occur after irradiation or administration of a cytotoxic drug like busulphan. This experiment was simulated by randomly removing various percentages of SSCs, pairs, and chains from the virtual tubule and evaluating the situation 33 divisions later. One could hypothesize that when many SSCs, pairs, and chains are removed from the niche, more room will become available in the niche and fewer daughter cells of SSCs will move out of the niche. Indeed, 11 epithelial cycles after removal of A s-pr-al spermatogonia, up to 40% more founder SSCs were still represented by progeny (Fig. 6A) . These model experiments predict that after cell loss, self-renewal of the remaining SSCs becomes enhanced just because there is more room in the niche.
Simulation of SSC Transplantation
In the SSC transplantation procedure, first the recipient mouse testes are depleted from germ cells by way of administration of the alkylating agent busulfan or irradiation [20, 21] . Subsequently, a germ cell suspension is administered into the seminiferous tubules. The SSCs present in this cell suspension migrate to the basal membrane and establish colonies of donor germ cells that grow along the length of the tubule [20] [21] [22] .
The transplantation procedure was simulated by assuming that the virtual seminiferous tubule was devoid of germ cells, and in this situation individual SSCs were seeded to a random spot on the virtual tubule (Fig. 6B) . During the real mouse-tomouse transplantation procedure, the result is usually checked at 2 to 3 mo after transplantation. This is a time frame that allows for somewhat more than eight epithelial cycles, corresponding to 25 rounds of division. Therefore, the program was run for 25 divisions, and it was checked whether the transplanted stem cell had given rise to a colony still present at the end of the program run.
One by one, 1000 SSCs were seeded and for each the program carried out 25 divisions. After 25 divisions, in 104 of the 1000 cases a virtual germ cell colony was formed. Hence, only few of the virtual SSCs seeded were able to form a viable virtual colony.
In view of recent findings indicating that Sertoli cells secrete a growth factor that attracts SSCs [23, 24] , we also carried out a program experiment in which the SSCs specifically homed in SPERMATOGONIAL STEM CELL NICHE on the niche area. In that case 40.5% of the SSCs gave rise to a colony (200 SSCs seeded, 81 colonies were formed).
DISCUSSION
In the present study, a computer program was developed that simulates the behavior of SSCs inside and outside of their niche. Putting in various parameters derived from previous morphological and cell kinetic studies, the program renders numbers of spermatogonial cell types similar to those previously counted in whole mounts of seminiferous tubules. Moreover, in this model, SSC numbers and numbers of differentiating cells apparently remain constant indefinitely, which is a requirement in view of the fact that male mammals remain fertile for most of their lifespan. The program can simulate various recent cell kinetic experiments and appears useful in the study of the behavior of A s-pr-al spermatogonia.
Using the right set of parameters, after a number of rounds of division a steady state developed in which the numbers of singles, pairs, and chains of varying lengths became similar to those in the in vivo situation observed in the Chinese hamster [6] (Table 1 ). The outcome of the program runs was that all A s-pr-al spermatogonia were found in and relatively close to the SSC niche. This area is comparable to the areas described by Chiarini-Garcia et al. [11, 12] and Yoshida et al. [13] . The program confirmed that such a situation will arise when the SSC niche is in the middle of the A s-pr-al spermatogonial rich regions. In the in vivo situation, one would expect the niche to be positioned opposite the middle of the blood vessels and to contain mostly A s spermatogonia. Most of the self-renewing divisions of the A s spermatogonia would occur in these regions, while the A s spermatogonia in the outskirts of the A s-pr-al spermatogonia rich regions upon division would mostly render A pr spermatogonia.
The results indicate that two parameters are most important for the success of the SSC niche in maintaining stem cell numbers. First, the size of the niche, and second, the distance that stem cells have to maintain from other clones of undifferentiated spermatogonia. A bigger niche would of course harbor more SSCs, and the smaller the minimum distance SSCs have to maintain from other undifferentiated clones, the higher the density and, thus, number of SSCs in the niche. The balance between these two factors can be seen as a principal factor that determines the success of the niche. Other combinations of niche size and minimum interclonal distance are possible and may well occur in relation to differences in seminiferous tubule sizes, such as there are, for example, between mouse and Chinese hamster.
In the program, daughter cells of SSCs after a self-renewing division migrate away from each other. In view of the rather even distribution of clones of A s-pr-al spermatogonia in the normal epithelium [19] , it was assumed that these cells would avoid other clones of A s-pr-al spermatogonia. This begs the question of what happens when the surrounding clonal density is so high that the daughter cells have no place to go. The program allows for either letting the mother SSC divide anyway, forming a false pair, or alternatively skipping the division. We first assumed that in the case of a too-high density, the SSCs would not carry out a self-renewing division but stay quiescent. Program runs including this assumption rendered good results, long-term maintenance of SSCs, and a stable production of differentiating cells. In contrast, runs including no such density-dependent regulation of SSC selfrenewal gave rise to very irregular results. Taken together, the results suggest the existence of a density-dependent regulation of SSC self-renewal. When the clonal density of A s-pr-al spermatogonia is already high in a certain area, the SSC will not carry out a self-renewing division but stay quiescent. An experimental finding that corroborates this notion was that in a situation of very high A s-pr-al clonal density, the numbers of A s spermatogonia decreased [25] .
The program starts with a tubule having a niche containing a number of SSCs and no other A s-pr-al spermatogonial clones. We do not think the starting situation is of great importance. What matters is the size of the niche, the chances of selfrenewal/differentiation inside and outside of the niche, and the minimal distance stem cells keep from other clones. As can be seen from Figure 2A , after a couple of epithelial cycles a steady state was reached in which constant numbers of A1 spermatogonia were produced. Notably, after each round of division, the clonal composition/distribution in the virtual tubule would be different and in fact unique. If one were to take any of these situations as the starting point for a new run, comparable average numbers and distribution of spermatogonia would be seen. Of course the situation at early ages would be totally different and complex. At an early age the tubules grow in length and in diameter because of Sertoli cell proliferation and the quickly increasing numbers of germ cells [26] . Also it is not known whether there is a niche-like area in the early postnatal testis; it may be that chances of self-renewal are high over the whole tubule to allow a fast growth of the numbers of stem cells. It will be a future challenge to simulate DE ROOIJ AND VAN BEEK stem cell behavior and niche development shortly after the start of spermatogenesis.
In our model, SSC daughter cells can move freely in random directions, following a path of minimal density, thus keeping away from other undifferentiated clones. This allows for three possibilities. One, by chance both daughter cells of a stem cell move out of the niche; two, both daughter cells stay in the niche; three, one stays in the niche and the other migrates out of it. In a steady-state situation, when both daughter cells of a dividing SSC move out of the niche, they will be replaced by the progeny of SSCs of which both daughter cells happen to remain in the niche. It follows that when this phenomenon does occur, with increasing age the SSCs present in the testis will derive from fewer and fewer original (founder) stem cells. In order to probe the likelihood of this occurring, program runs were studied for the parental origin of the SSCs present after varying numbers of virtual epithelial cycles. Indeed, the number of founder SSCs with progeny still present decreases with increasing numbers of divisions, i.e., with virtual age. The decrease is sharp during the first 10 epithelial cycles and then becomes more gradual. Hence, the model predicts that with age the spermatozoa produced by the testis derive from fewer and fewer stem cells originally present in the prepubertal testis. This model does not answer the question of why, with age, sperm from older fathers contain more and more mutations [27, 28] . On the one hand, many SSCs that acquire a mutation at some moment during life will differentiate and disappear, which will lower the number of males possessing testes that produce mutated sperm. On the other hand, when a mutated SSC is retained in the testis, it will form a large colony that produces relatively many mutated sperm. So, when a male does produce mutated sperm it will be relatively many, depending on the time that passed after the mutation was acquired. It is difficult to predict whether this enhances the overall chance of fathers producing offspring carrying a de novo mutation derived from a mutated SSC.
The computer modeling results successfully mimicked in vivo data. Nakagawa et al. [7] GFP labeled some of the SSCs present in the mouse seminiferous epithelium and studied their GFP-labeled progeny with time. Three months after labeling, patches of GFP-labeled germ cells were seen, each patch representing the progeny of one labeled SSC present at the time of labeling. A rather low number of patches was seen, and moreover this number decreased with increasing age of the mice. The low number at 3 mo was interpreted to mean that there are two classes of SSCs, one rapidly turning over, prone to differentiate, and called potential stem cells, and one more rare, slowly proliferating, and more self-renewing class of cells called actual stem cells. The low number of patches was explained by assuming differentiation and disappearance of potential stem cells while the patches were formed by persisting actual stem cells only. The results of our computer simulation provide an alternative explanation that does not need to assume the existence of actual and potential stem cells. It suggests that the low number of patches at 3 mo after labeling is caused first by differentiation of SSCs that were already outside of the niche at the time of labeling, and second, by migration out of the niche and subsequent differentiation of most of the labeled founder SSCs, or their daughter cells, during that time period. The disappearance of labeled patches after periods of more than 3 mo as observed by Nakagawa et al. [7] was also seen in the computer simulation as a continuation of what had already started from the beginning, i.e., a disappearance of founder SSCs because of differentiation of their daughter cells.
We have also simulated the course of events following cell loss due to administration of busulphan or irradiation. When SSCs and occasional pairs and chains in the niche are killed, one can expect enhanced self-renewal to take place because it will become easier for the daughter cells of SSCs to find a place in the niche. Because of this, there will be a smaller loss of founder SSCs than in the normal situation discussed above. Indeed, 3 mo after a 25% reduction of the number of A s-pr-al spermatogonial clones, about 40% more founder SSCs still had progeny in the virtual tubule than before cell loss. Nevertheless, one has to be careful with the interpretation of the data in situations of cell loss. When busulphan is given or the testes are irradiated, spermatogonia are killed, and subsequently more cell types disappear as the diminished number of spermatogonia will produce less spermatocytes. The progressive germ cell loss that occurs in this way will cause a progressive shrinkage of the tubules. In the interstitial tissue very few proliferating cells exist, and as a result very few of these will be killed by the cytotoxic treatment. Therefore, the interstitial tissue will not shrink, and the relative proportion of interstitial tissue and interstitial blood vessels in the testis will increase. Therefore, a greater proportion of the tubule basal lamina will become exposed to interstitial tissue/blood vessels, and, likely, the SSC niche will expand. In addition, follicle-stimulating hormone (FSH) levels increase after cell loss [29] [30] [31] . As FSH stimulates Sertoli cells to produce GDNF [32] , a growth factor required for SSC self-renewal, the situation in the SSC niche will change dramatically. Taken together, both niche size and FSH levels will increase. The latter may mean that Sertoli cells that were just outside of the niche area will now be stimulated to produce GDNF and functionally become part of the niche too. Indeed, an increase in niche size after cell loss is compatible with the results of a study of the colonies formed by surviving SSCs after irradiation. In this study, a very high percentage of SSC self-renewal was found during at least the first six divisions after irradiation [33] . Furthermore, a 7-fold increase in the number of labeled patches of founder SSCs was found by Nakagawa et al. [7] after administration of busulphan. This was very much higher than the 40% increase we found in the simulation experiment, in which possible changes in niche size and FSH levels were not taken into account. Taken together, the strong preference for self-renewal after cell loss may largely be caused by an increase in niche size, possibly to such a degree that it encompasses the whole of the A s-pr-al spermatogonial area. Therefore, it is important to realize that it is hazardous to compare SSC behavior in steady-state conditions with that after infliction of cell loss. Likely, niche size after cell loss is very different from normal.
We also simulated the course of events during SSC transplantation. In this procedure, a cell suspension containing SSCs is transplanted into the lumen of the seminiferous tubules of a mouse testis, the endogenous germ cells of which have largely been removed [20, 21] . The SSCs in the cell suspension are able to home in on the basal lamina of the recipient tubules and form a colony of spermatogenic cells that grows along the length of the tubule. At present it is unknown whether transplanted SSCs are able to sense the location of the SSC niche areas or if they home in on the basal lamina anywhere in a seminiferous tubule. However, no evolutionary advantage can be imagined for the development of such a mechanism, as the phenomenon of SSCs being present in the tubule lumen will never occur in the normal in vivo situation. Therefore, we simulated this procedure in our computer program by randomly seeding a single SSC in the virtual tubule from which we removed all other germ cells. The chance of success for the ''transplanted'' SSC to form a colony largely depended on the SPERMATOGONIAL STEM CELL NICHE chance of it being seeded in a niche area. Though the niche area occupied 15% of the virtual tubule, 10% of the seeded SSCs gave rise to a colony. The 5% difference was caused by the occasional migration out of the niche of both daughter cells of an SSC. In practice, estimates of the efficiency of the transplantation assay are also low, varying between 4% and 12% [34, 35] . The results of our model runs suggest that at least part of the low efficiency can be caused by random homing of the donor SSCs to regions of the basal lamina outside of niche areas, even though the SSC niche in the depleted recipient testis is likely larger than in the normal testis. Interestingly, two recent papers indicate that Sertoli cellsecreted CXCL12 attracts A s-pr-al spermatogonia to the basal membrane area via CXCR4 receptors on the cell membrane of the latter cells [23, 24] . When specifically Sertoli cells in the niche areas would secrete CXCL12, transplanted SSCs would more efficiently home in to the niche area, and the program indicates a homing efficiency of about 40% in such a case.
Self-renewal/differentiation chances of SSCs likely depend on levels of self-renewal-or differentiation-promoting growth factors present inside and outside of the niche. In recent years, important data have been gathered on the molecular mechanisms through which SSC behavior is regulated. Sertoli cellsecreted proteins GDNF [32, 36] and FGF2 [37, 38] promote self-renewal, while INHBA (activin A) and BMP4 promote differentiation [39] (reviews [9, 40, 41] ). Furthermore, the transcription factor ZBTB16 (formerly PLZF) is expressed in A s-pr-al spermatogonia [42, 43] . ZBTB16 has been shown to inhibit the expression of the KIT receptor in A s-pr-al spermatogonia, which would otherwise induce their differentiation, by binding the Sertoli cell-produced KITLG (formerly SCF) [44] . In addition, several reports have shown that Leydig cells and peritubular myoid cells produce CSF1 which stimulates proliferation and self-renewal of SSCs [45, 46] . Local levels of GDNF, FGF2, CSF1, SCF, INHBA, BMP4, and possibly yet unknown factors probably determine the local presence of an SSC niche as represented by the chance of selfrenewal in the model. It is important to realize that there may be fluctuations in growth factor secretion in relation to the epithelial cycle. Also, retinoic acid levels vary during the epithelial cycle, and RA levels affect Zbtb16 and Pou5F1 expression, which both have a role in SSC maintenance [47] . In the present study, we have ascertained the outcome of A s-pr-al spermatogonial proliferation, including SSC self-renewal/ differentiation, at the end of each epithelial cycle. Studying fluctuations in self-renewal/differentiation chances during the course of the epithelial cycle (i.e., at each of the three rounds of division) will take the complexity of the study a step further and will be subject to future studies.
In conclusion, in the epithelium, A s-pr-al spermatogonia are located adjacent or close to the venules and arterioles present in the interstitial tissue. The model predicts that the actual SSC niche is in the middle of this region, probably directly adjacent to the blood vessels. The A s spermatogonia are the stem cells, and when these cells reside in the niche, their division will likely be a self-renewing one. If so, the daughter cells will migrate away from each other and try to find a spot as far away as possible from other clones of A s-pr-al spermatogonia. In a number of cases this place will be located outside of the stem cell niche. Those SSC daughter cells that migrate out of the niche will, at their next division, produce a pair that will go on to produce A al chains. This means that the A s-pr-al spermatogonia rich regions can be subdivided into an SSC-rich region and a region where most A pr and A al spermatogonial clones are located together with SSCs that at their next division will go through a differentiating division. Steady-state kinetics can be reached without the necessity of factors in the niche that attract the SSCs and/or try to keep them in the niche. In a way this can be expected, because in a steady state it will be necessary that 50% of the daughters of the SSCs leave the niche and subsequently differentiate. Keeping the cells in the niche or attracting SSCs toward the niche will cause an accumulation of SSCs and will slow down the production of sperm. One important assumption had to be made in order to arrive at a model that reliably produced constant numbers of differentiating spermatogonia while maintaining stem cell numbers. We needed to include a density regulation of stem cell self-renewal. Without density regulation, the niche area accumulated too many SSCs, and the numbers of differentiating spermatogonia also kept increasing with time. This assumption will have to be tested by future experiments in vivo. The program will be useful to simulate situations in which spermatogonial dynamics are perturbed, for example, increased or decreased self-renewal of SSCs or continuous apoptosis of A s-pr-al spermatogonia. Finally, our stem cell simulation program can be used to study stem cell behavior in other tissues, especially those in which the stem cells are not attached to individual, specialized support cells but in certain regions in a tissue, e.g., the gastrointestinal tract [48] .
